To understand the physiological effects of substances used in drugs and therapies on heart muscle tissue, model systems that mirror the in vivo situation of living tissues are required. Therefore, the creation of 3-dimensional (3D) cell aggregates provides an improved and refined in vitro model as a link between cell-free or single cells and organs or whole organisms in vivo.
INTRODUCTION
O VER THE PAST FEW DECADES, 3-dimensional (3D) cell cultures have been widely applied in biomedical research. In comparison to conventional monolayer or suspension cultures, 3D cell aggregates may preserve biochemical and morphological characteristics similar to in vivo tissues, for example, cell-cell and cell-matrix interactions; self-organization, which enables representative studies on biological mechanisms such as proliferation, differentiation, programmed cell death, and immune response; and heart structure. Multicellular spheroids are widely used as test models in different research fields. In particular, therapeutically directed studies profit from the use of 3D cell aggregates, allowing the investigation of the effects of various novel drug-mediated therapies.
Several 3D in vitro tissue models have been developed including tumor spheroids, which have gained fundamental importance in experimental cancer research because they mimic the in vivo micro milieu of small avascular tumors, 1, 2 or the 3D in vitro model of embryonic retinal cells for studies of brain structure and func-tion. 3, 4 Also in cardiovascular research, there have been many approaches in dealing with heart disease and cell transplantation therapy to repair damaged heart tissue in vivo. Different 3D in vitro reconstitutions of cardiomyocytes have been developed with respect to gene function analyses, physiological and developmental studies, drug screening, or remodeling of injured hearts. [5] [6] [7] Previous studies have been carried out using heart muscle spheroids for physiological investigations and also for genetic engineering in a clinical setting. 8, 9 Here, we documented a 3D model of embryonic cardiomyocytes dissected from chick hearts and reaggregated in rotation culture for the use as a test system. We generated heart muscle cell spheroids that were spontaneously electrophysiologically active for at least 3 weeks expressing proteins essential for the self-organization of dissociated cardiomyocytes during reaggregation. The major aims of this study were 1) the characterization of functional proteins and various cell types occurring in cardiomyocyte spheres in vitro and 2) the potency of these spheroids (e.g., in pharmacological tests using a drug with well-known effects).
MATERIALS AND METHODS

Cell preparation and rotary culture
Hearts of 6-day-old chicken embryos (White Leghorn) were isolated and collected in F12 medium. The hearts were mechanically dissected and enzymatically dissociated in trypsin/EDTA (0.05%; GIBCO, Karlsruhe, Germany) for 10 min at 37°C. The cells were resuspended in heat-inactivated horse serum and centri-fuged for 3 min at 850g (Biofuge pico; Heraeus, Hanau, Germany). After centrifugation, the cell pellet was resuspended in culture medium (M199 with 10% FCS, 50 U/mL penicillin, 50 µg/mL streptomycin) and counted with a multisizer II (Beckman Coulter, Fullerton, CA) for determination of the cell concentration. A total of 2.4 × 10 6 cells per 35-mm petri dishes (4-5 hearts) were reaggregated on a gyratory shaker (75 rpm, 12.3 mm radius, 37°C, 7.5% CO 2 ). After 24 h, the medium was exchanged to DMEM/F-12 (1 × N 2 -supplement, 50 U/mL penicillin, 50 µg/mL streptomycin), and this medium was changed daily.
Preparation of frozen sections
The heart muscle spheroids were collected in Eppendorf tubes, washed in phosphate-buffered saline (PBS), and fixed in 4% formaldehyde/PBS for 30 min at room temperature. After a wash in PBS, the cell aggregates were transferred into 25% sucrose/PBS overnight. Cryosections of fixed spheroids (7 µm thick) were prepared using a cryostat (Leica). The sections were transferred on gelatinized coverslips.
Microscopy
Stained sections were documented using a Zeiss axiophot microscope with DIC-Nomarski and fluorescence optics. Whole spheroids were examined with an Olympus IMT-2 inverted microscope with transmission illumination.
Polyacrylamide gel electrophoresis (PAGE) and protein transfer
For detection of connexin 43, desmin, and activated MAPK, 1dimensional SDS-PAGEs were performed according to the protocol of Laemmli. 10 The resolving gel contained 12% acrylamide, and the proteins were identified by immunoblotting. Equal amounts of protein were loaded onto the gel and checked by PanceauS staining after electrophoresis. As M r standards, protein color markers (wide range; Sigma-Aldrich, Deisenhofen, Germany) were used. After an electrotransfer of the separated proteins from SDS-PAGE (20-50 µg protein/lane) onto nitrocellulose membranes (Hybond C; Amersham Buchler, Braunschweig, Germany), an immunochemical detection of the marker proteins was carried out. The nitrocellulose membranes were blocked in 5% nonfat milk/TBST (0.5 M Tris-HCl, pH 8.0; 150 mM NaCl; 0.075% Tween 20) and then washed 3 times at 22°C with TBST for 10 min. The filters were incubated with a 1:1000 dilution of antiactive MAPK (Promega, Mannheim, Germany) or a 1:1000 dilution of anticonnexin 43 or a 1:500 dilution of antidesmin (Sigma-Aldrich, Deisenhofen, Germany) for 1.5 h at 22°C. For the detection of the Ag-Ab complexes, the membranes were washed 3 times with TBST at 22°C for 10 min and incubated with peroxidaseconjugated goat antirabbit IgG or peroxidase-conjugated goat antimouse IgG (Dianova, Hamburg, Germany) for 1 h at 22°C.
The protein complexes were visualized using TMB stabilized substrate for horseradish peroxidase (Promega, Mannheim, Germany). The protein patterns fixed on the membranes were scanned, and the density of the different protein bands was determined using a densitometer (GS-710; Bio-rad, Hercules, CA).
Immunohistochemistry
Frozen sections were washed for 45 min in PBS/0.1% bovine serum albumin (BSA)/0.1% Triton X-100 (PBSAT) and then incubated for 1 h in a 1:400 dilution of anticonnexin 43 or 1:50 dilution of antidesmin (Sigma-Aldrich, Deisenhofen, Germany) in PBS. The sections were washed 3 times in PBS, followed by an incubation for 35 min with Alexa Fluor 555 goat antirabbit or Alexa Fluor 555 goat antimouse (Molecular Probes, Göttingen, Germany) at a 1:300 dilution in 0.1% Triton X-100/PBS. After 3 wash steps in PBS, the nuclei of the sections were stained with 4.6-diamidino-2phenylindole dihydrochloride (DAPI; final concentration 1 mg/ mL; Merck, Darmstadt, Germany) and finally mounted in Mowiol (Sigma-Aldrich, Deisenhofen, Germany).
Protein determination
Protein concentrations were measured according to the method of Bradford, and BSA was used as a standard. 11
Preparation of heart muscle spheroid protein extracts
Heart muscle spheroids were collected and washed in PBS. Spheroids were homogenized using ultrasound (sonopuls HD 200) with 30% pulses for 45 s in 50 µL homogenization buffer (50 mM Tris pH 8.0, 50 mM DTT, 1% SDS, 1 mM PMSF for the detection of active MAPK; 1 mM NaHCO 3 , 0.2 mM MgCl 2 .6 H 2 O, 0.2 mM CaCl 2 .2 H 2 O, 1 mM spermidine, pH 8.0 for the detection of connexin 43 and desmin) at 4°C. The supernatants were used for immunochemical analysis.
Determination of the beating frequency and number of electrophysiologically active spheroids
The beating spheroids were monitored with an IMT-2 microscope equipped with a thermo plate and recorded via a video camera (HVC-20; Hitachi, Tokyo, Japan) connected to a video recording system (JVC, Yokohama, Japan). The contraction rate was determined by optical analysis, calculating the average number of contractions of 9 spheroids out of 3 different culture dishes per test. Significances were calculated by the Wilcoxon rank sum test. For the pharmacological studies, isoproterenol (Sigma-Aldrich, Schnelldorf, Germany) was added with different concentrations. The percentage of electrophysiologically active spheroids was determined by counting the number of contractile spheroids of 3 different culture dishes per test.
Detection of apoptotic cells in spheroids
Apoptotic cells were visualized by histochemical detection of nucleosomal fragmentation products (TUNEL), applying the in situ Cell Detection Kit (Roche Diagnostics GmbH, Mannheim, Germany). The procedure was carried out following the manufacturer's instructions. In brief, paraformaldehyde-fixed cryosections of spheroids (7 µm thick) were permeabilized in 0.1% Triton X-100/PBS for 2 min at 4°C, and nucleosomal fragmentation products were detected by 3′ end labeling with fluorescein-dUTP using terminal deoxynucleotidyl transferase (60 min at 37°C in a humidified chamber in the dark). After 3 washes in PBS, the nuclei of the sections were stained with 4.6-diamidino-2-phenylindole dihydrochloride (DAPI; final concentration 1 mg/mL; Merck, Darmstadt, Germany) and finally mounted in Mowiol (Sigma-Aldrich, Deisenhofen, Germany). For statistics, 5 sections of spheroids per sample were counted for positive TUNEL staining.
RNA isolation and RT-PCR
Total RNA from heart muscle spheroids or heart muscle tissues was isolated using RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA was quantified photometrically and checked by gel electrophoresis for degradation and contamination with genomic DNA. Complementary DNA was prepared using the Sensiscript RT Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The primers for amplification of glyceraldehyde-3phosphate dehydrogenase (GAPDH), atrium myosin heavy chain (AMHC), ventricle myosin heavy chain (VMHC), myosin binding protein H (MyBP-H), vascular endothelial cadherin (VEcadherin), and muscarinic acetylcholine receptor (mACHR) were designed based on chick cDNA sequences (Gallus gallus domesticus). The following cDNA sequences were used for primer design: for GAPDH cDNA (NCBI acc. no. NM204305) at position 590 to 609 (sense primer, 5′-ccatcacagccacacagaag-3′) and 972 to 991 (antisense primer 5′-accaggaaacaagcttgacg-3′; predicted length of PCR product = 401 bp), for AMHC cDNA (NCBI acc. no. S78540) at position 212 to 232 (sense primer, 5′ccaagaccaacctggagaag-3′) and 522 to 541 (antisense primer 5′ccatctcctcctcgtactgc-3′; predicted length of PCR product, 329 bp), for VMHC cDNA (NCBI acc. no. S64689) at position 31 to 51 (sense primer, 5′-aaacaccaagcagaggaagc-3′) and 213 to 234 (antisense primer 5′-tcttatatctgggagccaggac-3′; predicted length of PCR product = 203 bp), for MyBP-H cDNA (NCBI acc. no. L05605) at position 288 to 300 (sense primer, 5′cagctgctgcaaagaaagc-3′) and 676 to 694 (antisense primer 5′ttccacagccaaggacaag-3′; predicted length of PCR product = 406 bp), for VE-Cadherin (NCBI acc. no. NM204227) cDNA at position 2239 to 2258 (sense primer, 5′-tgacaatgacagggatctgc-3′) and 2527 to 2546 (antisense primer 5′-ctactgcctgggtgaagagc-3′; predicted length of PCR product = 307 bp), and for mACHR cDNA (NCBI acc. no. 205399) at position 904 to 923 (sense primer, 5′cctgtgatctttggctctcc-3′) and 1284 to 1303 (antisense primer 5′ctgcctgaagcctgtagtcc-3′; predicted length of PCR product = 499 bp). PCR reactions were performed with the Taq PCR Core Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. The cycling conditions were as follows: initial denaturation 94°C for 5 min; repeated in 40 cycles: denaturation 94°C for 30 s, primer annealing 55 to 59°C for 45 s and extension 72°C for 45 s; final extension 72°C for 10 min. The amplified PCR products were electrophoretically separated on an agarose gel and visualized by ethidium bromide staining.
RESULTS
An electrophysiologically active, long-term culture of heart muscle spheroids
After culturing spontaneously electrophysiologically active heart muscle spheroids, we measured 1) the beating frequency, 2) the number of electrophysiologically active spheroids, and 3) the spheroid size of separately prepared cultures. The size of spheroids increases (approximately 70%) during the time period of 22 days in vitro. The average diameter of the investigated cardiac spheroids ranges from 140 µm at the beginning of the culture to a maximum of approximately 300 µm considering all 3 different studies. A significant increase in size could be observed during the 1st days in vitro; the spheres are stable until day 22 in vitro (Fig. 1A) . The beating frequency of the spheroids reaches the maximal value of 1.3 Hz during the 1st week in vitro and afterward decreases (Fig. 1B) . These facts correlate with the increasing amount of contractive spheroids in the 1st week of culture up to 80% to 100% and then decrease in the following 2 weeks to approximately 60% to 80% electrophysiologically active spheroids (Fig. 1C ).
Characterization of cardiomyocyte spheres according to the expression patterns of connexin 43 and desmin
In this study, we focused the detection of expression patterns of connexin 43 and desmin as functional marker proteins of heart muscle spheroids. According to Western blot analysis, both marker proteins, connexin 43 and desmin, are expressed throughout the observation period from day 1 in vitro until day 6 in vitro ( Fig. 2, upper panels) . The localization of connexin 43 and desmin could be detected immunohistochemically in cryosections of heart muscle spheroids at day 7 in vitro ( Fig. 2, lower panels) .
Localization of various cell types in heart muscle tissues and heart muscle spheroids by the marker proteins
Six-day-old chick embryos have functional hearts containing different cell types of the cardiac system, for example, cells of the epicard and myocard, fibroblasts, and cells of the conduction system. In consideration of these facts, RT-PCR analysis was carried out to detect the messenger RNA (mRNA) of specific marker proteins in dissected embryonic heart muscle tissues, heart muscle spheroids at different culture stages, versus adult chick heart tissues. The expression of myosin heavy chain of the atrium (AMHC1) and ventricle (VMHC1) specific for cells of the atrium and ventricle, myosin binding protein H (MyBPH) significant for cells of the Purkinje fibers, and vascular endothelial cadherin (VE-cadherin) specific for endothelial cells normally present in coronary vessels and the endocard of the heart could be detected at the mRNA level. The gene expression pattern of the muscarinic acetylcholine receptor was detected and could be correlated with the electrophysiological activity. A semiquantification of the expres- sion rate of the mRNA samples was compared with the expression of the housekeeping gene GAPDH. All marker proteins are documented by their mRNA level in embryonic heart muscle tissue, heart muscle spheroids at day 3, 7, and 14 in vitro, and adult chick heart muscle tissues implicating the presence of cells in the atrium, ventricle, the Purkinje fibers, and endothelial cells. Also, the muscarinic acetylcholine receptor is significantly expressed in all cardiac tissues in vitro and in vivo ( Fig. 3) . According to the semiquantification of mRNA of these marker proteins, the expression of AMHC1-mRNA seems lower in heart muscle tissues of the adult chick compared to the embryonic heart muscle tissue and spheroids. Also, the amount of detected VE-cadherin mRNA in heart muscle spheroids at day 14 in vitro seems lower than that of the other samples. Even the mRNA of the muscarinic acetylcholine receptor is weakly expressed in adult chicken heart muscle tissue and heart muscle spheroids at day 3 in vitro. A further interest-ing aspect could be demonstrated for the MyBP-H; an additional mRNA species 600 bp in size is obviously expressed in embryonic chick heart muscle tissues.
Monitoring the effects of -adrenergic receptor agonists on cardiomyocyte spheroids
Heart muscle spheroids at day 3 in vitro, incubated in the presence of various concentrations of the selective β-adrenergic receptor agonist isoproterenol (ISO), which influences the contractility of the heart muscle in mammals and humans, have been monitored over a time range of 24 h. A concentration of 0.1 µM ISO did not affect the beating rate of cardiomyocyte spheres (Fig. 4A ). Incubating spheroids with 1 µM and 10 µM ISO resulted in an increasing contraction frequency after drug addition up to 8 h of observation that was significant after 8 h (p > 0.05); after 24 h, the beating frequency of spheroids decreased again ( Figs. 4B and 4C) . A significant increase of beating frequency was observed with a concentration of 100 µM ISO after addition until 8 h of incubation (p < 0.05) and, after 24 h, a decrease to the level of control spheroids (Fig. 4D ). Spheroids that were treated with 1 mM ISO stopped beating after 1.5 h (data not shown). The number of electrophysiologically active cardiac spheroids controls and treated samples ranged from 90% to 100% (Fig. 4E) . To detect the ratio of apoptotic versus viable cells in control and treated spheroids, a TUNEL assay was carried out using cryosections of cardiomyocyte spheroids. Control spheroids comprise 10% of apoptotic cells, whereas in spheroids treated with 1 mM ISO, the amount of apoptotic cells increased up to 50% (Fig. 5) .
ISO induces the gene expression of MAPK in cardiomyocyte spheres
Interacting with the β-adrenergic receptor, ISO stimulates the adenylate cyclase activity and finally activates the MAPK signal cascade. Besides the physiological effect of ISO on heart muscle spheroids, we investigated the molecular biological effect of ISO by determining the activation of MAPK. In Western blot analysis of protein samples of cardiac spheroids treated with 10 µM ISO, the activation of MAPK could be detected. Both activated forms of the MAPK with a molecular weight of 42 kDa and 43 kDa are significantly expressed (Fig. 6A) . In spheres, the relative concentration of activated MAPK shows a maximal increase of 40% after 5 min of treatment with 10 µM ISO, eventually resulting in a decrease after 10 min (Fig. 6B ).
DISCUSSION
In this study, we have analyzed the structure and characteristics of heart muscle spheroids generated using embryonic chick heart tissues. These heart muscle spheroids preserve an excellent in vitro model for various applications (e.g., pharmacological screening, physiological studies, as well as for investigations of signal transduction pathways and cell-cell interactions or structural analysis). Therefore, it is necessary to define the structure and morphology as well as the electrophysiology of these cardiomyocyte spheroids. In most studies, active cardiomyocytes in the monolayer could be used for experiments after 3 to 4 days in culture, whereas in our long-term studies, we were able to culture active spheroids up to 22 days. 12, 13 Although the most active period of the spheroids in growth and contractibility took place in the 1st week in vitro, spheres are alive and active over a wide time range of, for example, 22 days in vitro. The ability of heart muscle spheroids to beat 24 h to 48 h after reaggregation reflects the capability of a self- A.
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organization of embryonic cardiomyocytes to a 3D model omitting any scaffolds. This could be emphasized by the expression pattern of cell-type-specific marker proteins (e.g., desmin and connexin 43). Connexins are component proteins of gap junction channels, which are clusters of transmembrane channels that link adjoining cells and mediate myocyte-to-myocyte electrical coupling and communication. The predominant connexin of the heart ventricular and atrial cardiomyocytes in mammals is connexin 43. 14, 15 Desmin is a member of the intermediate filament of cytoskeletal proteins, expressed in striated and smooth muscle tissues. 16 Desmin as well as connexin 43 are reported to be essential for normal cardiac function. [16] [17] [18] In our experiments, the expression rates of desmin and connexin 43 did not show any linearity that may be due to the different contribution of cardiac cells in the generated spheroids after the preparation of the embryonic heart tissue. According to the immunohistochemical stainings, the cardiac marker proteins desmin and connexin 43 were present in only a minority of cells in the spheroids. Because the prepared tissue was derived from an early embryonic development stage, it might be possible that the spheres consist also of cardiac precursor cells that do not yet express all cardiac markers. A 6-day-old embryonic chick heart is functional and consists of various precursor cells and cellular areas such as epi-and endomyocardium, coronary vessels, and the conduction system. This occurrence could be reflected by heart muscle spheroids reaggregated from single cells and cell clusters dissected from whole mounts of chick hearts and by the marker proteins AMHC1, VMHC1, VE-cadherin, and MyBP-H, which are expressed in characteristic cardiac cell types. [19] [20] [21] [22] Therefore, the presence of special cell types in heart muscle spheroids including cells of the atrium, ventricle, Purkinje fibers, and endothelial cells is successfully documented in 3D in vitro cardiac tissue simulating the in vivo situation. The expression of a further relevant marker protein involved in electrophysiological function of the heart muscle spheroids, the muscarinic acetylcholine receptor, could be determined as well. Basically, all these markers were expressed in heart muscle spheroids at days 3, 7, and 14 in vitro; embryonic heart muscle tissue; and adult heart muscle tissue. The expression rates of AMHC1, VE-Cadherin, and mACHR partly seemed to differ in the sample tissues; however, a reliable quantification cannot be determined at this point. Further investigations are required to get detailed information about the amount of the different cell types or possible changes of the distribution in the analyzed tissues by, for example, a real-time PCR. The declined level of VE-Cadherin by day 14 may result from a downregulation of the protein or decreasing number of endothelial cells because spheroids do not generate any coronary vessels or endocard like in the whole heart. VE-Cadherins are responsible for cell-cell contact between endothelial cells that, in comparison to the whole tissue, may be less important in spheroids in which only single cells or small cell clusters of the endothelium are distributed. The declined MyBP-H expression level at day 14 of cultured spheroids may also be correlated to the lack of coronary vessel generation. MyBP-H is expressed in cells of the Purkinje fibers, which differentiate from myocytes by signals of coronary arterialization. 23 A possible reason for a decreasing MyBP-H expression in spheroid cultures of day 14 could therefore be a reduced signaling for myocyte differentiation to Purkinje cells. The shifted mRNA band of MyBP-H in the RT-PCR of embryonic heart muscle tissue could result from an additional splice variant.
Thus, in this report, it could be demonstrated that heart muscle spheroids consist of the most important cell types and express proteins that are necessary for a physiological activity and correlate with a functional heart. Cardiomyocytes as well as spheroids and other 3D reconstitutions of chicken are often used for physiological and structural analysis 7-9 but can also be implemented in pharmacological testings, as described by the ISO studies. As a therapeutic, ISO causes bronchodilation in the bronchial walls and was therefore used to prevent bronchoconstriction due to allergic reactions as well as to treat asthma, bronchitis, and emphysema. [24] [25] [26] However, several side effects of the β-agonist ISO were reported, including increased heart rate, arrhythmia, and ventricular fibrillation. [27] [28] [29] [30] It was also described in former scientific reports that ISO influences the beating behavior of the heart muscle system of mammals and humans. 31, 32 In our studies, we were able to show that ISO affects the beating frequency of heart muscle spheroids with increasing rate within a few hours of treatment, starting at a concentration of 1 µM, whereas the amount of active spheroids was not influenced. The decreased beating frequency after 24 h of observation may result from degradation of ISO or receptor desensitization. It was only at higher concentrations, such as 1 mM, that ISO exhibited toxic effects to the cells demonstrated by the loss of contractibility (data not shown) and an increased amount of apoptotic cells in the spheroids. These data correlate to investigations of Shizukuda and coworkers in which β-adrenergic stimulation via ISO caused cardiomyocyte apoptosis in rats. 33 In several studies, it was demonstrated that ISO activates the MAPK signal pathway through binding at the β-adrenergic receptor and that this cascade activation or even dysfunction of the pathway implicates important effects on the heart system as, for example, gene expression and regulation, proliferation of cardiomyocytes, and heart function and structural alterations in cardiac muscle. [34] [35] [36] [37] [38] [39] According to the activation of the MAPK in the cells of heart muscle spheroids, it could be demonstrated in correlation to electrophysiological activity that this in vitro tissue model preserves a useful test system for important signal pathway studies.
The use of such 3D in vitro models is a high-content approach that will gain more and more importance for drug discovery in the future. In recent studies, researchers discussed the advantages and applicability of multicellular spheroid models as a basis for high-throughput screening of new drugs (e.g., in anticancer treatment). 40, 41 An example of an effective test system shows the development of a biosensor using beating heart muscle spheroids as a recognition element. 42 In this study, heart muscle spheroids were positioned noninvasively in a glass microcapillary, and the effect of a β-blocker on the contractions of the spheroid was detected by potential recording. Based on this technique, the establishment of an improved and refined test system containing a multimicrocapillary array that is able to monitor effects of potential drugs on hundreds of spheroids in parallel and real time is feasible. Electrogenic tissues such as heart muscle spheroids also preserve an ideal recognition element in combination with the well-known technology of planar microelectrode arrays that enables the recording of electrical activity of several sides simultaneously. 43 Such biosensors as described offer the possibility of monitoring efficiently acute as well as chronic effects of drugs and toxins under physiological conditions that mirror in vivo damages in a very short time and finally can be addressed to each of the samples. According to high-throughput applications, the here-presented culture method of generating heart muscle spheres in rotation provides a simple and modest way of obtaining a large number of in vitro models in a small volume of culture materials. Although in vitro 3D culture test systems have not yet been included in mainstream drug and therapy development procedures, the profit of these models compared to 2D systems is constantly discussed and will be in focus as a preliminary stage of animal testing. Especially for investigations on drug penetration and permeation, the complexity of spheroid cultures is of advantage.
CONCLUSIONS
Here, we documented the characteristics of a potential 3D in vitro model of embryonic cardiac cells showing functional marker proteins and specific cardiac cell types. According to the pulsative properties of the generated spheres, we were able to detect known effects of a bioactive substance on their beating frequency. The biotechnological and biomedical market requires powerful methods and technologies concerning drug development for diagnosis and therapy. Therefore, test systems that include in vitro tissue equivalents such as spheroids as described are much more in demand. Heart muscle spheroids as a self-organized compact active system may be applied as an in vitro screening model in highthroughput techniques for fast and parallel analysis. Especially in preclinical test phases, this model may accelerate the screening of potential drugs and thus reduce time-intensive and cost-intensive animal testings.
